Two new analogues of TANDEM (des-N-tetramethyl triostin A) have been synthesised in an effort to elucidate the molecular basis of DNA nucleotide sequence recognition in this series of compounds. Their binding preferences have been investigated by DNAase I footprinting and differential inhibition of restriction nuclease attack.
INTRODUCTION
Quinoxaline antibiotics are potent inhibitors of nucleic acid synthesis which act by forming tight, though reversible, sequence-specific complexes with CNA [1, 2] . The antibiotics are divided into two families depending upon the sulphur-containing cross-bridge which links the two rotationally equivalent halves of their octadepsipeptide ring; quinomycins have a thioacetal cross-bridge whereas triostins contain a disulphide linkage. Echinomycin (quinomycin A) and triostin A are representative members of the respective families. They have been shown to recognise and bind to sites containing the dinucleotide sequence CpG [3] [4] [5] . By contrast, TANDEM (des-Ntetramethyl triostin A), a synthetic analogue of triostin A which lacks the methyl substituents normally present on the Ala-Cys and Cys-Val peptide bonds (arrowed in Fig 1) , exhibits a pronounced preference for DNAs rich in A+T residues [6, 7] . The recognition sequence for this ligand has not previously Figure 1^ Structural formula of TANDEM (des-N-tetrajnethyl triostin A) showing the numbering scheme for the amino acid residues. Arrows indicate the NH moieties of peptide bonds which are methylated in the natural antibiotics.
been unambiguously identified, but is believed to be either TpA or ApT [4] . It is clear from these studies that the N-methyl groups play an important role in determining the AT or GC specificity of the quinoxaline antibiotics.
Crystal structures of TANDEM [8, 9] , triostin A [10] , and of complexes between triostin A or echinonycin and a short DNA fragment [11, 12] have recently been determined and have contributed a great deal to our understanding of the molecular basis of sequence recognition. The selectivity of triostin A and echinomycin for the dinucleotide step CpG appears to derive from interaction between the carbonyl groups of L-alanine residues and the 2-amino groups of guanine nucleotides [10] [11] [12] . In the crystal structure of TANDEM, which lacks the four N-methyl substituents, internal hydrogen bonds are formed between the NH groups of L-valine and the carbonyl groups of Lalanine [8, 9] . These preclude the possibility of specific interactions between the alanine carbonyl groups and guanine residues, and change the structure so as to expose the amino groups of L-alanine. Viswamitra et al [8] suggested that these could now be available for interaction with the 2-keto groups of thymine in the EKA minor groove, arid thus be responsible for the AT specificity.
In this paper, we examine further the role of the N-methyl groups on the depsipeptide ring by using two newly synthesised analogues of TANDEM; ]TANDEM permits the role of the functional groups on the amino acid residues forming the cross-bridge to be investigated. It has previously been shown that the cross-bridge itself is not instrumental in determining the sequence-specificity of these antibiotics since [Ala 3 , 7 ]TANDEM, a compound without a cross-bridge, retains the AT specificity of TANDEM [13] . However, while the NH groups of the cysteine residues have not previously been implicated as determinants of sequence-selectivity, there is no information concerning their role, if any, in DNA binding.
Ala
To investigate the sequence binding preferences (if any) of these ligands we have used the technique of DNAase I "footprinting" with DNA fragments of known sequences. As a means to probe further the selectivity of [N-MeCys ]TANDEM were prepared by chemical synthesis using the procedures developed previously for TANDEM and triostin A [14, 15] . Details of the syntheses and characterization of the compounds, which were judged better than 99% pure, will be reported elsewhere. Stock solutions of each ligand were prepared in a methanol-buffer mixture (40/ 60,v/v), because of their low aqueous solubilities. The buffer used contained lOmM Tris-HCl, pH 7.5, and lOmM NaCl. The final concentration of methanol present in the digestion mixture did not exceed 20%. Controls were performed as previously described [3, 4] to confirm that the presence of methanol did not significantly interfere with enzyme action.
Deoxyribonuclease I (DNAase I) was obtained from Sigma and prepared as a 7200 units/ml stock solution in 0.15M NaCl containing lmM MgC^ It was stored at -20°C and diluted to working concentration immediately before use. The digestion buffer used for dilution contained 20mM NaCl, 2mM MgCl 2 and 2mM MnC^. All restriction enzymes were purchased from New England Biolabs. Nucleic Acids and 3'-end-labelling with Reverse Transcriptase
The 160 base-pair duplex tyrT DNA fragment was isolated and labelled as previously described [3, 16] . Incubation with reverse transcriptase, dGTP and a-[ 32 P]dCTP led to selective radiolabelling of the 3' end of the "Watson" strand (upper sequence in Figure 2b ). Incubation with reverse transcriptase, dTTP and a-[ 32 P] dATP was employed for selective labelling of the 3'-end of the "Crick" strand (lower sequence in Figure 2b ). The 160-mer pTyr2 DNA fragment was isolated from plasmid pMLB 1048, a gift from Dr A.A. Travers. The plasmid was first digested with BstEII and EcoRI to leave a mixture of the 160 base-pair fragment and linearized plasmid DNA [17] . From this mixture, the 160-mer pTyr2 duplex was isolated by electrophoresis on a 4% non-denaturing polyacrylamide gel followed by elution from a gel slice into 0.5M ammonium acetate containing lmM EDTA. It was concentrated by ethanol precipitation and redissolved in lOmM Tris, pH 7.5, O.lmM EDTA at a concentration of 2pg in 50ul. The upper sequence (Figure 4 ) was labelled at its 3'-end (BstEII site) with a-[32 P ] dTTP, and the lower sequence (EcoRI site) with a-[ 32 P]dATP. pUC13 DNA was purchased from P.L. Biochemicals Inc and was stored in buffer containing lOmM Tris, pH 7.5 and lmM EDTA. The DNA was used as supplied without further purification. The top strand of the DNA (Figure 5b ) was labelled at its 3'-end (EcoRI site) with dATP and a-[
32 P] dTTP.
The DNA substrate used in the restriction enzyme studies was a gift from Dr H.R. Drew. It was derived from an EcoRI and Tth 111 I restriction digest of plasmid pKM A-98 [18, 19] , The DNA was 3'-end-labelled at the Tth 111 I site with a-[ 32 P] dCTP.
DNAase 1^ footprinting Aliquots (3ul) of the labelled DNA (9 pmoles in base pairs) were incubated with 5>il of the ligand (10-40uM) at 37°C for 30 min, then digested with 2ul DNAase I (final concentration 0.05 units/ml). Samples (3ul) were removed from the mixture after 1, 5 and 30 minutes digestion and the reaction stopped by adding 2.5ul of 80% formamide solution containing 0.1% bromophenol blue and l OmM EDTA. These were heated at 100°C for at least 2 minutes prior to electrophoresis as described below.
Restriction enzyme digestion
Experiments were performed at 37°C in buffer containing lOmM Tris, pH 7.8, 50mM NaCl, 6mM MgCl 2 and 6mM mercaptoethanol. A sample of the labelled DNA was first incubated with the test ligand in the above buffer for approximately 15 minutes, before subjecting to digestion by the enzyme at an appropriate dilution. An equal volume of 15% sucrose containing 0.1% bromophenol blue and l OmM EDTA was added at the end of the incubation and the products of digestion were separated by electrophoresis on 4.5% non-denaturing polyacrylamide gels.
Gel electrophoresis
Products of digestion by DNAase I were fractionated on polyacrylamide gels (0.3ram thick) prepared in Tris-borate-EDTA buffer containing 7M urea, 12% w/v for pUC _13_ DNA, and 8% w/v for tyrT and pTyr2 DNA fragments. Products of restriction enzyme cleavage were fractionated in 4.5% polyacrylamide gels containing Tris-borate-EDTA but without urea. Gels were fixed in 10% acetic acid, transferred to Whatman 3MM paper, dried under vacuum and subjected to autoradiography with an intensifying screen. Densitometry
Autoradiographs were scanned using a Joyce-Loebl microdensitometer to produce profiles from which the relative intensity of each band was measured. The data are expressed in terms of fractional cleavage (f)= A^/At as previously described [3, 20] , where Ai is the area under band i and At i The gel and the differential cleavage plot together reveal that both major regions of protection are centred around AT clusters: ATAT at site 1 and ATAA at site 2. At each site the block is staggered across the two strands by about three bonds towards the 3'end, as previously observed with DNAase I footprinting [3, 4, 20] 7 ] TANDEM are identical to those previously observed with TANDEM using the same DNA fragment [4] .However, the blockage seen with this analogue is much more pronounced. Since the new compound is structurally so similar to TANDEM, it is reasonable to suppose that it binds to double-helical DNA by the same mechanism, with two base pairs sandwiched between the quinoxaline chromophores in the bis-intercalated complex. The sandwiched base sequence cannot be unambiguously determined from the present data alone and could be either ApT or TpA, since both binding sites contain the sequence ATA. Moreover, the true binding preference must involve more than mere specificity for AT residues since not all ApT ]TANDEM are often preceded or followed by runs of A or T which, it has been suggested, can adopt a peculiar helical conformation [16, 21, 22] . For example, the ApT at position 31 is preceded by the sequence GAAA while that at position 47 is followed by TTTCT: neither site is protected at all from enzymatic cleavage. It is possible then that local variations in DNA structure may play an important role in determining which TpA or ApT steps can or cannot bind the ligand. ]TANDEM, and of TANDEM itself, is the Pribnow box of the tyrT promoter sequence TATGATG at position 87 -94 (the start site is numbered 100). This region becomes moderately sensitive to SI nuclease attack under superhelical stress [23] suggesting that TANDEM, and ligands related to it, would serve as ideal probes for examining the biological function of promoters -a notion which lay behind the original selection of the tyrT fragment as a substrate for footprinting analysis [3] .
Subsequent experiments were designed to identify the precise recognition sequence of [N-MeCys (Figure 3a) . A differential cleavage plot derived from densitometric tracing of this and other gels is shown in Figure 3b for the 100 base pairs that are sufficiently well-resolved for quantitative determination.
The three binding sites revealed by the differential cleavage plot contain both ApT and TpA steps; most clearly the binding sites at position 35 (ATAT) and position 85 (TATA). It is worth noting that the isolated ApT or TpA steps which are not protected by the ligand are often associated with runs of A or T; for example, the TpA steps at positions 73, 94 and 117 are preceded by runs of A at around positions 65, 90 and 112 respectively. The only isolated TpA step to which the ligand appears to bind is located around position 21 and is situated within a region of mixed DNA sequence. By way of contrast, echinomycin, included in the experiment for purposes of comparison, produces clear blockages in pTyr2 DNA which are centred around the dinucleotide step CpG, in accordance with previous observations [3, 5] . ]TANDEM binds to the dinucleotide step TpA at position 24, but not to the ApT at position 30 (Figure 4b ). The obvious conclusion is that the recognition sequence must be TpA. However, it should be noted that the ApT at position 30 is preceded by a GG sequence and followed by a long GC-rich run CCOCGGQCG. The central part of this long run is not cleaved efficiently by the enzyme in the control, and sequences such as this are known to be capable of adopting unusual structures [24] . It is possible therefore that an unfavourable local DNA conformation is responsible for hindering the binding of [N-MeCys ]TANDEM with its preferred binding sequence cannot be ignored. Consequently the interpretation of DNAase I footprinting patterns observed with various DMAs may not be straightforward. To resolve this dilemma, we decided to adopt a different approach and have probed the recognition sequence of the ligand by studying its effects on the activity of several restriction enzymes. Inhibition of_ restriction nuclease digestion The two restriction enzymes studied were Rsal (GTAC) and Sau3Al (GATC), for which the central dinucleotides in the recognition sequences are TpA and ApT respectively. The effect of echinomycin on these enzymes was included in the study to provide a point of comparison; since their recognition sites do not contain the dinucleotide step CpG to which echinomycin binds we anticipated that this antibiotic should not interfere with the activity of either enzyme. ]-TANDEM only inhibits Rsal (GTAC) and has no effect at all on Sau3AI (GATC). At first sight, the results seem to confirm that the recognition sequence of the TANDEM analogue is indeed TpA. However, the interpretation is complicated by the unexpected finding that echinomycin, which recognises CpG, also inhibits both enzymes. A possible explanation for this observation is that (Table 1) . However, some of the blockages produced by echinomycin are not so easily explained, such as the inhibition of cutting at Rsal sites at positions 2299 and 3864.
With regard to the former, the nearest CpG is found at position 2282. As regards the latter, there are CpG steps at 3837 and 3888. Each of these CpG steps is more than one helical turn displaced from the cutting site, which seems too far away to exert either local structural or steric effects. ]TANDEM (abbreviated as di-Me Cyst TAN or T). Rsal recognises the sequence GTAC and Sau3Al GATC. The numbering scheme for nucleotides in the DNA substrate is as defined by Drew and Travers [18] , Table 1 lists the cutting sites together with their flanking sequences extending for one turn of the ten-fold helix in either direction. internal hydrogen bonds might cause the compound to revert to a conformation akin to that of triostin A. In this analogue the carbonyl group of one of the alanines (Ala?) should be free to interact with the amino group of a guanine nucleotide, while the other alanine (Ala 3 ) could still be involved in forming an internal hydrogen bond with the KH of Val 8 . it can even be imagined that one half of the molecule might recognise guanine residues while the other would recognise an AT-base-pair providing a compound with unusual intermediate sequence-selectivity. In the event neither of these notions proved to be correct. Most probably the conformation of the depsipeptide in solution is different from that of either triostin A or TANDEM; the asymmetric peptide ring may be twisted in such a way that the quinoxaline chromophores are no longer positioned roughly parallel to allow for bifunctional intercalation into the DNA helix -like the situation previously postulated for L-serine-containing analogues of TANDEM [6, 13] . ]TANDEM, a compound lacking a cross-bridge altogether, has been shown to interact with DNA (albeit weakly) and again displays the same AT specificity as does TANDEM [13] . It seems likely that the function of the cysteine residues in providing the cross-bridge is to restrict the conformations! flexibility of the peptide ring so as to reduce unfavourable entropy terms in the binding reaction, rather than to participate in direct interactions with functional groups on the DNA. Our observation that methylation of the cysteine residues produces more pronounced "footprints" probably means that the analogue binds more tightly to DNA than does TANDEM, presumably as a consequence of the increased hydrophobic character of the interaction.
Viswamitra et a_l [8] proposed that the sandwiched base pair in the intercalated TANDEM complex should be ApT (rather than TpA) since the vector joining the alanine NH protons in TANDEM is parallel to the vector joining the 2-keto groups of thymines for the sequence ApT, whereas it is perpendicular for the sequence TpA. This should favour interaction with ApT rather than TpA. By contrast, however, it has been reported from thermal denaturation experiments that TANDEM binds to poly d(TAC). poly d(GTA) but not to poly d(ATC). polyd(GAT) [25] , suggesting that the ligand binds to the sequence TpA rather than ApT. The DNAase I footprinting results presented here and in ref. It is important to note that the ability to recognise a particular dinucleotide step as the preferred site for binding does not necessarily identify that step as the sequence sandwiched between the quinoxaline rings in a bis-intercalative complex. The TpA (pyrimidine-purine) sequence is known to unstack more easily than other sequences [26] which ought to render it more favourable as a site for penetration (intercalation) of one of the chromophores. But if so we would expect to see some definite preference for the sequence TpApTpA to allow for the bifunctional reaction: such a sequence is present at positions 84 -88 in the pTyr2 fragment but is not noticeably more susceptible than other sites to protection from nuclease attack (Fig 3) . Although we have established that the NH groups of the cysteine residues play no significant role in determining the AT sequence-selectivity of TANEEM, it remains to be seen whether the same is true for the GC selectivity of triostin A. The present model for the interaction of triostin A with the dinucleotide step CpG [10, 11] suggests that these entities are indeed unimportant. Perhaps the methyl groups are present in the naturally-occuring antibiotics to strengthen the interaction with DNA by increasing its hydrophobic character, and/or to protect the compounds from protease digestion. It will be of considerable interest to examine the sequence- We predict that it will display the same CpG selectivity as does the natural antibiotic triostin A.
